Evolutionary transitions to a social lifestyle in insects are associated with lineage-specific 38 changes in gene expression, but the key nodes that drive these regulatory changes are largely 39 unknown. We tested the hypothesis that changes in gene regulatory functions associated with 40 social evolution are facilitated by lineage-specific function of microRNAs (miRNAs). Genome 41 scans across 12 bee species showed that miRNA copy number is highly conserved and is not 42 associated with variation in social organization. However, deep sequencing of small RNAs of six 43 bee species that exhibit varying types of sociality revealed a substantial proportion (20-35%) of 44 detected miRNAs with lineage-specific expression in the brain, 24-72% of which did not have 45 any known homologs in other species. Lineage-specific miRNAs disproportionately target 46 lineage-specific genes, and have lower expression levels than more evolutionarily conserved 47 miRNAs. Consistent with our hypothesis, the predicted targets of lineage-specific miRNAs are 48 enriched for genes related to social behavior, such as caste-biased genes, in social species, but 49 they are either not enriched for or significantly depleted of genes under positive selection.
INTRODUCTION
There is accumulating evidence for a role of miRNAs in regulating the social lives of 103 Bonasio et al. 2010; Kocher et al. 2013; Patalano et al. 2015; Sadd et al. 2015) . Bioinformatic 104 . CC-BY-NC-ND 4.0 International license It is made available under a was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
The copyright holder for this preprint (which . http://dx.doi.org/10.1101/730317 doi: bioRxiv preprint first posted online Aug. 8, 2019;  scans of insect genomes have identified candidate miRNAs present in the genomes of social, but 105 not solitary, insects (Søvik et al. 2015) . While most miRNAs seem to be conserved in major 106 lineages of insects (Søvik et al. 2015; Ylla et al. 2016) , expression levels have been found to vary 107 across individuals performing different social functions, such as between workers performing 108 different tasks in honey bees (Apis mellifera) (Behura and Whitfield 2010; Greenberg et al. 2012; 109 Liu et al. 2012) . MiRNAs may also play a role in caste determination, as queen-and worker-110 destined larvae express different sets of miRNAs throughout development in honey bees 111 (Weaver et al. 2007; Shi et al. 2015; Ashby et al. 2016 ) and bumble bees (Bombus terrestris) 112 (Collins et al. 2017) . Additionally, miRNAs play a role in regulating some of the physiological 113 correlates of social behavior in honey bees, including activation of ovaries in queens and workers 114 (MacEdo et al. 2016 ) and response to the reproductive protein vitellogenin (Nunes et al. 2013) . 115 Together, these studies suggest that miRNAs could play a role in the evolution of eusociality 116 through their effects on gene regulatory networks that are involved in traits important for social 117 behavior. A rigorous test of this hypothesis requires comparisons of the presence, expression, 118 and function of miRNAs across related species that vary in social organization. However, none 119 of the previous studies of insect miRNAs have included solitary species that are closely related 120 to eusocial insects, and thus assumed to be more representative of the ancestors from which 121 sociality evolved.
123
Here we present a comprehensive comparative analysis of miRNAs across bee species 124 that vary in social organization. We first looked for miRNA repertoire expansions associated 125 with eusociality by scanning the genomes of 12 bee species for known miRNAs, and statistically 126 evaluating copy number of each miRNA type with regard to differences in sociality in a 127
MATERIALS AND METHODS

140
Sample Acquisition 141 We used adult females from six bee species for our study. Megalopta genalis samples Israel. Apis mellifera samples were collected from typical field hives in Urbana-Champaign, IL 149 . CC-BY-NC-ND 4.0 International license It is made available under a was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
The copyright holder for this preprint (which . http://dx.doi.org/10.1101/730317 doi: bioRxiv preprint first posted online Aug. 8, 2019;  or the Tyson Research Field Station, MO, U.S.A. All samples were flash-frozen in liquid 150 nitrogen upon collection and stored at -80 °C until dissection. We used miRDeep2 (Friedländer et al. 2012) to identify and quantify miRNAs expressed 172 in the brains of each species. We used a three-step process of miRNA detection in order to 173 identify homologous miRNAs between species. For the first step, we generated a set of mature 174 miRNA sequences previously described in other insect species (Table S1 ). Reads for each 175 sample were quality filtered (minimum length 18, removal of reads with non-standard bases), 176 adapter-trimmed, and aligned to the species genome (Table S2 ) with the mapper.pl script.
177
Approximately 60-84% of reads successfully mapped.
179
We then identified known and novel miRNAs in each sample with the miRDeep2.pl 180 script, using our curated set of insect miRNAs (Table S1 ) as known mature sequences. We 181 followed this with quantification of the miRNAs using the quantifier.pl script. This generated a 182 set of known and novel miRNAs in each sample, along with quantified expression information 183 for each. We then filtered the novel miRNAs in each species according to the following criteria: 184 no rRNA/tRNA similarities, minimum of five reads each on the mature and star strands of the 185 hairpin sequence, and a significant randfold p-value (p < 0.05). Randfold describes the RNA 186 secondary structure of potential pre-miRs (Friedländer et al. 2012) .
188
We used these filtered miRNAs in a second run of detection and quantification. We 189 added the mature sequences of the novel miRNAs from each species to our set of known 190 miRNAs, and repeated the pipeline above. This allowed detection of homologous miRNAs 191 (based on matching seed sequences) that are not represented in miRBase across our species. We 192 applied the same set of filtering criteria as for our first run.
194
Some of the novel miRNAs may exist in the genomes of other bees, even if they are not 195 expressed. We used blastn (-perc_identity 50 -evalue 1e-5) to search for homologous precursor 196 miR (pre-miR) sequences in 12 bee genomes (Table S2) We characterized the location of each known and novel miRNA in its respective genome 201 assembly in relation to genes and transposable elements. We used bedtools intersect (Quinlan 202 and Hall 2010) to find overlap with predicted gene models (Table S3) was from whole body including brain, rather than just head or brain.) We also included lists of Table S4 .
264
In addition to gene expression comparisons, multiple datasets identifying genes under 265 selection in bee species or across multiple social lineages of bees were tested for enrichment of 266 lineage-specific miRNA targets. Species-specific selection datasets were used for A. mellifera Table S4 .
273
In cases when we needed to identify orthologous genes across species, we used reciprocal 274 blastp (evalue < 10e -5 ). Only genes with putative orthologs were included in the final tested sets We explored the diversification of miRNAs that have been previously implicated in 281 social behavior (miR-13b, miR-276, miR-6001-3p) or which are expressed in social bees, but not 282 solitary bees (miR-305). We performed multiple sequence alignment with the web version of We also performed genome scans for small RNAs across 12 bee genomes (Table S2) 287 using covariance models implemented with Infernal cmsearch using the gathering threshold for 288 inclusion (--cut_ga) (Cui et al. 2016) to find all Rfam accessions in each bee genome. We used 289 bedtools intersect to identify overlap between small RNAs identified through cmsearch and gene 290 models. We then used Spearman rank regressions to test for significant associations between 291 miRNA copy number and social biology. We categorized each species as either solitary, 
RESULTS
299
Low levels of miRNA copy number variation among bee genomes 300 Our genome scans revealed very little variation in copy number of most miRNAs among 301 bee genomes. Of the 50 miRNA Rfam accessions, half had the same number of copies in all 12 302 bee genomes (1 or 2 copies) ( Table S5 ). The mean copy number across all miRNAs in all bee 303 genomes was 1.19 ± 0.74. Seven of the Rfam miRNAs were detected in a single bee species, but 304 mostly at low copy numbers (1-3). One exception was miR-1122, for which we found 70 copies 305 in M. genalis, but no copies in any of the other species. We did not find any significant 306 associations between miRNA copy number and social organization (Table S5) .
308
Expressed miRNA diversity in bee brains 309 We identified 97-245 known and novel miRNAs expressed in the brains of each of our 310 six species (Table S6 ). The majority of these were located in intergenic regions or in introns 311 (Table 1) . Each species had at least one miRNA that originated from exons of protein-coding 312 genes and repetitive DNA ( Table 1) . Most of the overlap between miRNA precursors and 313 repetitive DNA corresponded to uncharacterized repeat elements, with very few overlaps with 314 well characterized transposons or retrotransposons (Table 1) .
316
Most of the detected miRNAs in each species had known homologs in at least one other 317 species. However, each species had a substantial proportion (20-35%) of detected miRNAs with 318 lineage-specific expression in the brain (Table 1 ; Fig. 1A ), 24-72% of which did not have any 319 known homologs in other species (Table 1) . We defined lineage-specific miRNAs as those 320 miRNAs with lineage-specific expression and for which no seed match with a known mature 321 miRNA was identified (columns 6 and 7 in Table 1 ), because these show the most evidence of 322 being real miRNAs that are unique to a particular species. (Sequence similarity of pre-miRs in 323 the genome of other bee species is not sufficient evidence that a mature miRNA is transcribed.)
324
Lineage-specific miRNAs had significantly lower expression levels in each species (t-tests: A. 325 mellifera, p = 3.81e -05 , B. impatiens, p = 0.003, B. terrestris, p = 0.006, M. genalis, p = 0.0003, 326 M. rotundata, p = 8.00e-05 , N. melanderi, p = 0.02). Lineage-specific miRNAs were localized both within genes and intergenically. The
338
proportion of lineage-specific miRNAs that were intra-or intergenic was similar to miRNAs 339 with homologs for every species except N. melanderi, for which a disproportionate number of 340 lineage-specific miRNAs were intragenic (χ 2 = 4.78, p = 0.03). Genes that serve as hosts for 341 intragenic lineage-specific miRNAs were not significantly older than would be expected by 342 chance (i.e., belong to orthogroups shared with vertebrates) in any species (hypergeometric tests: 343 p = 0.14-0.76). Across all species, genes that serve as hosts for intragenic lineage-specific 344 miRNAs were not significantly older than genes that host miRNAs with known homologs (χ 2 345 tests: p = 0.05-0.89).
347
Of the miRNAs with mature miRNA homologs, most were expressed in all six species, 348 and we detected few family-specific expression patterns of miRNAs (Table S6) protein-containing complex binding, structural constituent of ribosome, peptide biosynthetic 397 process, peptide metabolic process, and amide biosynthetic process. major clades containing at least one copy from each species (Fig. 1B) . As with miR-276, there 405 was very little overlap in predicted targets among species. Just one gene, the beta subunit of 406 nuclear transcription factor Y, is predicted to be a target of miR-13b in each of the social 407 species. However, there were more similarities across species at the functional level (Table S7 ).
408
All species had enrichment for transcription factor activity, and all species except the two 409 halictid bees had significant enrichment for genes involved in ecdysone-mediated signaling.
410
Within the family Halictidae, the predicted targets of miR-13b for M. genalis were enriched for 411 genes related to neurotransmitter-gated ion channel activity, while N. melanderi targets were 412 enriched for phospholipid metabolic processes. were highly conserved and belonged to orthogroups shared by vertebrates ( Fig. 2A ; Table S8 ).
433
However, most of the genes in each genome are also highly conserved, and there was not a 434 significant enrichment for conserved genes among predicted targets of lineage-specific miRNAs,
435
beyond what would be expected by chance (p > 0.99). We did, however, find a significant 436 enrichment for lineage-specific genes that are unique to each species among the predicted targets 437 of lineage-specific miRNAs (p = 0.02 -1.48e -12 ), indicating that novel miRNAs are more likely 438 to target novel genes than would be expected by chance ( Fig. 2A ; Table S8 ).
440
We found mixed support for the prediction that novel miRNAs should target genes that 441 function in social behavior and evolution. The predicted targets of lineage-specific miRNAs 442 were enriched for genes that are differentially expressed between castes in the social Apidae (A. 443 mellifera and B. terrestris), but not Halictidae (M. genalis) ( Fig. 2B ; Table S4 ). In A. mellifera, 444 this included genes that are upregulated in the brains of reproductive workers, compared with 445 sterile workers (RF = 3.4, p = 0.007) and queens (RF = 1.6, p = 0.015) (Grozinger et al. 2007 ), as 446 well as genes upregulated in the brains of foragers compared with nurses (RF = 2.8, p = 0.011)
447
( Whitfield et al. 2003) . However, there was not significant enrichment for genes differentially 448 expressed between nurse and forager honey bee brains in a later study (p = 0.09) (Alaux et al.
449
2009). In B. terrestris, we find significant overlap between the predicted targets of lineage-450 specific miRNAs and genes that are upregulated in workers, compared to queens (whole body, 451 including brain; RF = 2, p = 0.013). We did not find significant overlap with genes differentially 452 expressed in the brains of nurses and foragers (p = 0.103) (Porath et al. 2019) (Table S4 ). In fact, genes under selection in the 466 halictid bees were significantly depleted for targets of lineage-specific miRNAs (M. genalis -RF 467 = 0.2, p = 4.28e -10 ; N. melanderi -RF = 0.3, p = 5.59e -4 ). We also assessed overlaps with genes species (M. genalis -RF = 1.9, p = 0.053; RF = 0, p = 0.05; Table S4 ). We focused additional attention on miRNAs for which no mature miRNAs with seed 525 matches were detected in any other species, because these have the potential to influence the 526 lineage-specific patterns of gene regulatory changes previously shown to influence social 527 evolution (Simola et al. 2013; Kapheim et al. 2015) . We hypothesized that if novel miRNAs are 528 inserted into existing gene networks that become co-opted for social evolution, they should target 529 genes that are highly conserved across species. Instead, we find that the targets of lineage-530 specific miRNAs are enriched for lineage-specific genes, while genes belonging to ancient 531 orthogroups were not more likely to be targets than expected by chance. This could suggest that 532 novel miRNAs co-evolve with novel genes, as has been shown for the evolution of cognitive We find support for the prediction that lineage-specific miRNAs should target genes with 557 social function in the Apidae (e.g., honey bees and bumble bees), but not the Halictidae (M. 558 genalis). There are several potential explanations for this pattern. One explanation is technical.
559
We define genes with social functions as those that are differentially expressed among castes.
560
The genetic basis of social behavior has been much better studied in honey bees and bumble bees 561 than in any other species, and the sets of genes known to function in sociality is thus richer for 562 apids than for halictids. Further, not all genes that function in social behavior are expected to be 563 differentially expressed in the brains of different castes, and our analysis is thus likely to exclude 564 some important genes. Nonetheless, our results reflect differences in the degree of social 565 complexity, and thus caste-biased gene expression patterns, between apid and halictid bees. where miRNA binding sites are located.
600
A more likely explanation involves the hypothesized pattern of miRNA origins and 601 assimilation, as proposed by Chen and Rajewsky (2007) . This model suggests that newly 602 emerged miRNAs are likely to have many targets throughout the genome due to chance. Most of 603 these initial miRNA-target regulatory relationships are likely to have slightly deleterious effects, 604 and would likely be purged through purifying selection very quickly. These deleterious effects 605 could be particularly strong for target genes undergoing positive selection, because changes in 606 the functional regulation of these genes are likely to have significant fitness consequences. Also,
607
genes under positive selection are undergoing rapid evolution, and thus may be more likely to 608 "escape" control by errant miRNAs. Indeed, it is easier for mRNAs to lose miRNA target 609 binding sites, which typically require exact sequence matches, than to gain them (Chen and 610 Rajewsky 2007). Thus, emergent miRNAs may not be expected to target adaptively or fast 611 evolving genes, regardless of their role in social evolution.
613
The evolution of eusociality depends on many different tissues and physiological 614 processes, and brain-specific expression patterns are not likely to be representative of the Additionally, our characterization of lineage-specific miRNAs expressed in the brain of 640 each species reveals that genome structure is not as influential in regulating bee miRNA 641 evolution as has been shown for human miRNAs. Novel human miRNAs tend to arise in ancient 642 genes that have multiple functions and broad expression patterns (França et al. 2016) . It is 643 hypothesized that this increases the expression repertoire of emergent miRNAs, and thus 644 facilitates persistence in the population (França et al. 2016; França et al. 2017) . Only in one 645 species (N. melanderi) were lineage-specific miRNAs more likely to be localized intragenically 646 than previously identified miRNAs, while lineage-specific miRNAs did not differ from 647 previously identified miRNAs in their genomic locations in the other five species. This suggests 648 that emergence patterns for new miRNAs are unique to each lineage in bees. We also do not find 649 a consistent pattern between young, emerging miRNAs and host gene age. There was no 650 significant difference in the age of genes that serve as hosts for established versus lineage-651 specific miRNAs across all species. This is despite the fact that a similar proportion of bee 652 miRNAs are located within introns (31-43%; Table 1) , as compared to in vertebrates (36-65%)
653
(Meunier et al. 2013). However, the fact that 73-88% of miRNAs that are localized to genes are 654 encoded on the sense strand suggests that they would benefit from host transcription, as is 655 observed in vertebrates (Meunier et al. 2013) . Additional research with insects will be necessary 656 to identify general patterns of miRNA evolution in relationship to genome structure.
658
Our study identifies patterns of miRNA evolution in a set of closely related bees that vary 659 in social organization. Our results highlight important similarities and differences in the 660 emergence patterns and functions of mammalian and insect genomes. We also find evidence that 661 emergent miRNAs function in lineage-specific patterns of social evolution, perhaps through co-662 evolution of novel miRNAs and species-specific targets. We do not see an overall increase in the 663 number of miRNAs in the genome or expressed in the brains of species with more complex 664 eusociality. However, we do find evidence that the role of miRNAs in social evolution may 665 strengthen with increasing social complexity, perhaps due to an increased need for canalization 666 of caste determination or due to chance, as a function of an increased number of genes with 667 caste-biased expression. Empirical tests of miRNA function across additional species with 668 variable social organization will further improve our understanding of how gene regulatory 669 evolution gives rise to eusociality. 
